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Outline

B Motivation: can one understand flavor asymmetries
in the nucleon (e.g. d — u) from QCD?

—> origin of 5-quark Fock components |qqq qq) of nucleon

B Effective pion-nucleon interactions

—> pseudovector vs. pseudoscalar coupling

B Example: self-energy of nucleon dressed by pions

—> equivalence of equal-time and light-front formulations

B Vertex corrections

—> light-cone momentum distributions

—> PDF moments: YPT vs. “Sullivan” formulations



Flavor asymmetry

B Antiquarks in the proton “sea” produced predominantly
by gluon radiation into quark-antiquark pairs, g — qq

; B
¥ 3%/{7 (d)

g L)

—> since u and d quark masses are similar,
expect flavor-symmetric sea, d ~

B Experimentally, one finds large excess of d over

/1 dr (d(z) — u(z)) = 0.118 4 0.012

E866 (Fermilab), PRD 64, 052002 (2001)



Flavor asymmetry

B Large flavor asymmetry in proton sea suggests important
role of 7 cloud in i

high-energy reactions 1=l e Q'=4cev | .
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Flavor asymmetry
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Flavor asymmetry

B Large flavor asymmetry in proton sea suggests important
role of 7 cloud in i

high-energy reactions 1=l e Q'=4cev | .
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—> Sullivan process
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Thomas, PLB 126, 97 (1983)
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Connection with QCD?

B Chiral expansion of moments of f:(y)

—> model-independent leading nonanalytic (LNA) behavior

= m2 log(m2 /pu?) + analytic terms

Thomas, WM, Steffens
PRL 85, 2892 (2000)

—> can only be generated by pion cloud!



Connection with QCD?

B Nonanalytic behavior vital for chiral extrapolation
of lattice data

1.0 l.2

Detmold, WM, Renner et al.
PRL 87, 172001 (2001)

—> allows lattice QCD calculations to be reconciled
with experiment



Connection with QCD?

B Direct calculation of matrix elements of local twist-2
operators in ChPT disagrees with “Sullivan” result

n g (39,24+1)m2 oo(m2 /1,2 2
" uma = an (14 AL byl 12) ) + O(0n2)

/ Chen, X. Ji, PLB 523, 107 (2001)
Arndt, Savage, NPA 692, 429 (2002)

cf. 495 in “Sullivan”, via moments of fx(y)

—> is there a problem with application of ChPT or
“Sullivan process” to DIS?

|

is light-front treatment of pion loops problematic?

investigate relation between covariant, instant-form,
and light-front formulations

|

—> consider simple test case: nucleon self-energy
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nN Lagrangian

B Chiral (pseudovector) Lagrangian

ga - S 5 1 - I .
Lon = UNY'Y5T - OuT YN — YNy T (T X OuT) YN
2 fx : (2fx)? .
. R gaA — 1.267
f. =93 MeV

—> lowest order approximation of chiral perturbation
theory Lagrangian

B Pseudoscalar Lagrangian

P I . e —
LY = —geNN UN 75T - TUN
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Self-energy

B From lowest order PV Lagrangian

s =i (220 atp) [ (o) LI )

2 2 .
Goldberger-Treiman Q_A — gnNN D, =k m; + 1€

fx M Dy = (p—k)2— M2 +ic

—> rearrange in more transparent “reduced” form

Y 4
3194 / d*k 1 , [ m? 1 2p ;%
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rainbow “tadpole”

C.-R. Ji, WM, Thomas, PRD 80, 054018 (2009)
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Self-energy

B Covariant (dimensional regularization)

1 1 1 1 — 2)2M? 2
/d4_2€kD Do = —im? (7 + logm — — +/ dx log (1—2) > M
T N g 0 ILL
4—2¢ 1 . 22 1 MQ
d k’D—N:—’Lﬂ' M ’y+10gﬂ—g+10gﬁ+o<€)

—> gives well-known m> LNA behavior

(from 1/D,Dy term)

1 m?

+00))

LNA 39,24 3 o 2 5
) = m> + — ——=logmZ + O(m>)

cov. T 32\ on M
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Self-energy
B Equal time (rest frame)

1
>k dk
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wr = Vk2+m2, FE =+k?+ M?

—> four time-orderings
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Self-energy

B Equal time (infinite momentum frame)

o) 3¢aM [ P 1 m

(=) _ 294 d /d2k 2

IMF 16m372 )Y “2F 2wy, (B — B — wy) p. =P — o0

2 1 A? 2
_ 393M dy/ ak2 — — il
321212 J, 0 k5 + M2(1—y)?2 +m2y
1) _ 3¢aM [ P 1 i
IMF 16m3f2 | Y = 2F 2wy, (E 4+ B + wg) AR

—> nonanalytic behavior same as in rest frame

1 4
md 4+ — logm?2 + O(mi))

yLNA _ s (+—)LNA _ 394 (

IMF IMF - 327Tf7% T 27T M
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Self-energy

B Light-front

1 1 oe dx k2 + m?2 i€ -1
dktdk— d?k = / d*k / dk— [k~ — =+ m
/ D, Dy pt r(x —1) + xpt + xpt

M2 K2 4 M2 ic -
X |k~ — — +
pt  (z—-1pt  (z—-1)p*

1
1
— 272 | dx dk?
7TZ/O o Lki+(1—sc)m$r—i—x2M2

v=Fk"/p"

identical nonanalytic results as covariant & instant form
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327 2 < g g 108+ Olm)

C.-R. Ji, WM, Thomas, PRD 80, 054018 (2009)
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Self-energy
B Light-front

— 1/Dy “tadpole” term has k™ pole that depends on k™

and moves to infinity as k™ — 0
(“treacherous” in LF dynamics)

—> use LF cylindrical coordinates k™ = rcos¢, k= = rsin¢
dk+ K2+ M2 e\
4 2 — 1
[t =5 [ [ 5 /dk( -2 +k+)

R
:—27r/d2k 4ilim | dr—l
[ NG ﬁ]

/o

2
elevant also 5 d’k; lim (—7'('2 + 27i log % + 0(1/R4))

R—o0

for 1/D, term /
ro = \/2(k3 + M?)

contains log(k? + M?)
term as required
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Self-energy

B Pseudoscalar interaction

d*k Li(p—Fk+ M)

5 =igZ Ny U(p) / (om)3 (757) Du

B _3729124M d*k m?2 1
2z ) (em

DDy i Dy Dy

—> contains additional (“treacherous”) pion “tadpole” term

—> similar evaluation as for 1/Dy term

>

392 M ma
PS A 2 2 3 -
INA = 327Tf7% ( - m: logm> —m; — 52

[

log

additional lower order term in PS theory!

m2

e TP

()
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Self-energy

B Alberg & Miller claim on light-front 5 = 3PV
— “form factor removes kt=0 contribution” rrries, 172001 (2012)

m In practice, AM drop “treacherous” k*=0 (end-point) term
EPS _ ZPV + EPS

end—pt
after which PS result happens to coincide with PV

—> but, even with form factors, end-point term is non-zero

3g5M [ NtF?*(mZ, —t 395 M
Eg’fd_pt: gA2 5 dt\/ (M, 1) L4 gA2 m?2 log m?
1672 fz Jo T+ m2 2mfz ™

Ji, WM, Thomas, PRL 110, 179191 (2013)

—> ansatz does not work for other quantities
e.g.vertex renormalization
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Vertex corrections

B Pion cloud corrections to

electromagnetic N coupling

—> N rainbow (¢), 7 rainbow (d),
Kroll-Ruderman (e),

7 tadpole (f), N tadpole (g)

B Vertex renormalization

(e)

(Z7 = 1) u(p) v* u(p) = u(p) A* u(p)

—> taking “+” components: Z;' -1 =~

—> ¢.g. for N rainbow contribution,
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Vertex corrections

B Define light-cone momentum distributions f;(y)

1 — Zi — / dy fz (y) for isovector (p-n) distribution

where 7 (y) = 470 (y) + 459 (y)

= — N (y) — D (y) + fO(y)

(y)
fn(y)
fir(y) =40 (y) = 89 ()
frtad)(y) = —fn(taq)(y) = 2 £t (y)
i (on) _ 9124M2 2 y(ki + y2M2)
with components % (y) = (in )2 /dkL P M1 (gl
(off) _ 9124M2 2 Yy
foy) = (47 fr)? /dlCL k2 4+ y2M? + (1 —y)m2
& 9a 2 k3 +m2
10 = e [t o (5 ) o
N 1 k3 +m2
Burkardt, Hendricks, Ji, WM, f(t d)(y) - (47Tf77)2 /dki log ( - Iu2 ) 5(y)

Thomas, PRD 87, 056009 (2013)
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Pion distribution f:(y) contains on-shell contribution
F (y) equivalent to PS (“sullivan”) result

Nucleon distribution fn(y) contains in addition
new off-shell contribution f(°T)(y)

Both contain singular §(y) components (%) (y),
which are present only in PV theory

Kroll-Ruderman term fxr(y) needed for
gauge invariance

(1-2)=0-27) + 1 -2

Nucleon and pion tadpole terms equal & opposite
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Nonanalytic behavior of vertex renormalization factors

3 2 3 2 4
11—z NA 4(49}4 2 {Tn?rlong?T — w% — 3]\7727; log m?2 + C’)(mi)}
uwE,
39> 5 m? mi
| — 77 NA 4(45}‘ E {milogmi — ?ﬁ — ﬁglogmi%— (’)(mi)}
39 27 m3 ma
| — ZKR T4 4 AWM M qo0m? L O
! 4(4r f,)? T3 T s osmet Olme)
N (tad) NA 1
1 -2, (tad) A _2(47Tf 2 m? log m?
m (tad) NA 1
1—Zl(t ) (i) m2 log m2

—> cancellation of mZ2logm? terms in KR contribution

—> demonstration of gauge invariance condition
(in fact, to all orders!)
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B Nonanalytic behavior of vertex renormalization factors

1/D,. D> 1/D2Dy 1/D.Dy 1/D,. or 1/D? sum (PV sum (PS
N T ™
1—2ZN g3 * 0 —59% 194 194 94
| -7 0 93" 0 —194 194 94
1 -z 0 0 i 12 0 0
1 — zNtad 0 0 0 —~1/2 —~1/2 0
1 — z7tad 0 0 0 1/2 1/2 0
*also in PS in units of ! m?2 log m?
(A fryz e

—> origin of ChPT vs. Sullivan process difference clear!
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Moments of PDFs

B PDF moments related to nucleon matrix elements
of local twist-2 operators

<N|@gl---un|N> _ 2<£n—1>q p{ul ,,,pun}

—> n-th moment of (spin-averaged) PDF g(x)

(@, = / dz 2" (q(z) + (~1)"q())

—> operator is @fjl'””” — Yyl iDH2 L iDFr Y — traces

B Lowest (n=1) moment (z°), = My + M, given by
vertex renormalization factors ~ 1 — 7!
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Moments of PDFs

B For couplings involving nucleons

MWD =z, 4 (1= 2ZN) + (1= z) D)
MW = 21— ZN) = (1= zN ()

—>» wave function renormalization

1~ Zy=(1-Z0)+(1-27) = 31— 2))

B For couplings involving only pions

MP) = 21— ZF) +2(1 — ZK®) 4+ (1 — zT D)
MM = —2(1 — Z7) — 2(1 — ZKR) — (1 — Z7 (tad)
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B Nonanalytic behavior

2 2
(p) LNA (Bga+1) o 2 (p) LNA (3ga+1) o 2
— 1 ] b— 1
My I AE m;. logm? M I AE m;. logm?
(n) LNA (39,24 +1) 2 (n) LNA (39,24 +1) 5 2
N 1 — — 1
M (A f)? m_ . logm. M 2(Ar f,)? m_ . logm.

—> no pion corrections to isosclar moments

—> isovector correction agrees with ChPT calculation

2

2
m;. logm.

2

2
m;. logm.

/ (47 f7)*? \

PS (“on-shell”) d-function
contribution contribution

27



Pion distribution functions

B Using phenomenological form factors, compute functions
fi(y) numerically

—> for transverse momentum cut-off F(k ) = O(k{ — A®)

0.61
: \

0.4/ ™ on-shell — HO
R I
I I
< 00/ — — fur()
o -02) on + off-shell —_— )
= i off-shell

04r I )

large cancelations of i S~
o6l . T N
on- and Off-She” terms 00 02 04 06 08 \ 1.0
in NV rainbow distribution 0.
y KR contribution <0

because of off-shell term

Hendricks, Ji, WM, Thomas (2013)

28



Pion distribution functions

B Using phenomenological form factors, compute functions
fi(y) numerically
k1 +m2 N k1 + M?

—> s-dependent (dipole) form factor s.n = . T

1685.5

f(y) @ A

suppresses contributions
aty=0andy=1
— no tadpoles!

Hendricks, Ji, WM, Thomas (2013)
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Summary

B Equivalence demonstrated between self-energy in
equal-time, covariant, and light-front formalisms

LNA +—)LNA ——+)LNA +—)LNA LNA
Zcov — Z%)T ) + E%)T ) — Z%MF) — ZLF

—> non-trivial due to end-point singularities
—> PV and PS results clearly differ

B Gauge invariance relations for vertex corrections
verified to all orders in m..

(1-27)=Q1-27) + (1 - 21
—> difference between PDF moments in
ChPT (PV) & “Sullivan” process (PS)
—> model-independent constraints on LC distributions f;(y)

—> impact on d — i data analysis in progress






